Malignant tumors release growth factors such as VEGF-C to induce lymphatic vessel expansion (lymphangiogenesis) in primary tumors and in draining sentinel LNs, thereby promoting LN metastasis. Surprising recent evidence suggests that lymphatic vessels do not merely represent passive channels for tumor spread, but that they may actively promote tumor cell recruitment to LNs, cancer stem cell survival, and immune modulation. New imaging approaches allow the sensitive visualization of the earliest LN metastases and the quantitative, noninvasive measurement of the function of tumor-draining lymphatic vessels, with potential applications in the development of biomarkers for prognosis and measurement of therapeutic response.
Identification of lymphatic-specific markers and growth factors
In the past, studies of lymphatic metastasis have been hampered by the lack of molecular markers that reliably distinguish lymphatic vessels from blood vessels within and surrounding the primary tumors. A major breakthrough was the discovery of the lymphangiogenic growth factors VEGF-C and VEGF-D and their specific receptor, VEGFR-3, and its role in lymphatic development (2) (3) (4) . The discovery of the lymphatic-specific marker lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) in 1999 (5) provided a powerful tool to specifically identify lymphatic vessels in a variety of tissues and opened up the path to detailed investigations of tumor-associated lymphatics (6) (7) (8) . The transcription factor prospero-related homeobox 1 (PROX1) was also found to be specifically expressed by lymphatic but not blood vascular endothelium (9) . In addition, the discovery that the membrane glycoprotein podoplanin is specifically expressed by lymphatic but not blood vessels (10) , and the recognition that a commercially available antibody named D2-40 (which was originally raised against an oncofetal antigen in testicular germ cell tumors; ref. 11) specifically detects human podoplanin (12) , facilitated widespread investigations of lymphatic vessel involvement in human cancers.
Tumor lymphangiogenesis
In 2001, three groups independently identified a new mechanism of tumor metastasis, namely the induction of tumor lymphangiogenesis, by combining the use of the new lymphatic marker LYVE1 with overexpression of VEGF-C or VEGF-D in experimental tumor models (6) (7) (8) . In these studies, overexpression of VEGF-C or VEGF-D promoted the growth of tumor-associated lymphatic vessels and also enhanced LN metastasis ( Figure 1 ). These findings contributed to a dramatically increased scientific interest in lymphatic biology; however, their impact was initially controversial, since it was unclear whether this mechanism might be restricted to mouse models of cancer with unproven relevance for human cancer progression. Thus, a series of retrospective studies was initiated to evaluate the prognostic relevance of tumor lymphangiogenesis in different types of human cancer (13) . In head and neck cancer, a correlation between intratumoral lymphatic vessel density and LN metastasis was found (14) . Quantification of intratumoral and peritumoral lymphatic vessels in primary human malignant melanomas of the skin revealed that tumor lymphangiogenesis indeed represented a novel prognostic indicator for metastasis and overall patient survival (15) . In a follow-up study, the extent of lymphangiogenesis in primary melanomas was the most significant predictor of the presence of SLN metastases at the time of surgery, with a higher significance than tumor thickness (16) . Since then, a large number of clinical studies have investigated the correlation of LN metastasis with tumor lymphangiogenesis or with tumor expression of the lymphangiogenic factors VEGF-C and VEGF-D in a variety of human cancers (reviewed in ref. 13) . A correlation between VEGF-C or VEGF-D expression in primary tumors and LN metastasis was found in cancers of the breast, colon, rectum, prostate, esophagus, stomach, lung, uterine cervix, endometrium, and other tissues (17, 18) .
A majority of studies confirmed the concept that tumor-induced lymphangiogenesis and increased expression of lymphangiogenic growth factors is associated with increased rates of LN metastasis and with poor prognosis (13, 19) . In addition to members of the VEGF family of growth factors, a number of other mediators have also been implicated in promoting lymphangiogenesis in tumors and other conditions, including PDGF-BB (20) , IGF1 and -2 (21), FGF2 (22) (23) (24) (25) (26) , HGF (27, 28) , angiopoietin-2 (29), sphingosine-1-phosphate (30) , adrenomedullin (31) , and IL-7 (32, 33) . The relative importance of these factors compared with the VEGFs remains to be investigated in individual cancer types. The cellular and molecular mediation of lymphangiogenesis during early tumor development has not been characterized in detail. Experimental evidence indicates, however, that the tumor-induced lymphatic vessels sprout from preexisting lymphatic networks, and that there is little if any contribution from bone marrow-derived endothelial progenitor cells (34) .
LN lymphangiogenesis
Activation of the lymphatic vasculature is not restricted to the primary tumor microenvironment. Using a multistep chemical skin carcinogenesis regimen in mice with transgenic overexpression of VEGF-A, we found that active lymphangiogenesis also occurred in metastatic tumor-draining LNs (35) . Importantly, LN lymphangiogenesis could be detected in tumor-draining LNs prior to the actual onset of lymphatic metastasis, indicating the creation of a premetastatic niche by the primary tumors (35) . Further studies in mice with transgenic overexpression of VEGF-C in the skin revealed that tumor-induced LN lymphangiogenesis promoted further metastasis to distant LNs and beyond to distant organs (36) . While these findings were initially restricted to experimental mouse models of cancer, LN lymphangiogenesis was subsequently also detected within SLNs in human cancers, including cutaneous malignant melanoma, breast cancer, and extramammary Paget's disease (16, (37) (38) (39) . Moreover, the extent of SLN lymphangiogenesis, lipoxygenase expression, and lymphatic tumor invasion was correlated with non-SLN metastasis in breast cancer patients (38, 40) .
The mechanisms mediating lymphatic vessel expansion within tumor-draining LNs are incompletely understood. Most likely, lymphangiogenic factors produced by the primary tumor, including VEGF-C, VEGF-D, VEGF-A, and HGF, are taken up by peritumoral lymphatic capillaries and are transported via the collecting lymphatics toward the SLNs, where they act directly on preexisting lymphatic vessels ( Figure 1 , A and B), similar to inflammation-induced lymphangiogenesis (41) . This concept is supported by the observed changes within tumor-draining lymphatic vessels that include enlarged size and increased lymph flow and pulsing ( Figure 1B and refs. [42] [43] [44] . It remains to be investigated whether tumor-released exosomes (45, 46) and local production of lymphangiogenic factors within tumor-draining LNs, by macrophages (47) or other cell types, might further contribute to LN lymphangiogenesis. In particular, B cells and B cell-derived VEGF have been implicated in promoting LN lymphangiogenesis in inflammation and cancer draining LNs (48) (49) (50) . Once metastatic tumor cells have spread to their draining LNs, they represent a major source of lymphangiogenic factors such as VEGF-C (38), contributing to the recently observed remodeling and SMC rearrangement of distant (post-SLN) lymphatic vessels and LNs, and secondary metastasis including organ metastasis via the thoracic duct, which connects to the subclavian vein and thus to the general circulation ( Figure 1C and ref. 51 ).
Lymphatic vessel effects on metastatic tumor cells
The traditional concept of a merely passive role of lymphatic vessels in cancer metastasis has been challenged recently. An increased number and size of peritumoral lymphatic vessels might provide more opportunities for cancer cell intravasation (lymphatic invasion), but tumor-draining lymphatics might promote tumor spread also by increased pumping and lymph flow, often mediated by VEGF-C (44, 49, 52 ). In addition, lymphatic vessels make several key contributions to metastasis, which likely include the targeted recruitment of cancer cells toward lymphatic vessels and LNs, the provision of a cancer stem cell niche, and the modulation of antitumor immune responses at the level of the primary tumor and the metastatic LN. Within most non-neoplastic tissues, lymphatic vessels are a major source of the chemokine CCL21, which binds to the CCR7 receptor on activated DCs, thereby recruiting them toward the lymphatic vasculature and finally toward the draining LNs to initiate immune responses (53) . In in vitro studies, enhanced lymphatic flow has been found to upregulate CCL21 production by the lymphatic endothelium (54) . CCR7 expression has also been detected on a variety of human cancer cells and has been correlated with increased metastasis (55) . Importantly, LN metastasis was greatly enhanced in an experimental tumor model when transplanted melanoma cells overexpressed CCR7 (56), indicating that lymphatic endothelium may provide guidance cues for metastatic cancer cells that are normally used for the physiologic function of the immune system. More recently, an important role of the chemokine CXCL12 (stromal-derived factor 1) in lymphatic cancer metastasis of extramammary Paget's disease has been suggested. CXCL12 expression was upregulated in tumor-associated lymphatic endothelium and in the lymphangiogenic endothelium in the subcapsular sinuses of tumor-draining LNs, whereas its receptor, CXCR4, was expressed by invading tumor cells (37) . In addition, CXCR3 expression on tumor cells has also been correlated with enhanced rates of LN metastases (57), but future studies are needed to evaluate the relative contribution of lymphatic endothelium toward the production of CXCR3 ligands. More recently, an important role of chemokines in mediating tumor cell entry into LNs has been identified. The CCL1 chemokine, produced by LN lymphatic sinuses, mediated the LN entry of CCR8-expressing melanoma cells, whereas CCR8 blockade reduced LN metastasis (58) . In particular, CCR8 inhibition resulted in an arrest of tumor cells in the collecting lymphatic vessels, at the junction with the subcapsular LN sinus (58) .
Lymphatic endothelium might also provide a niche for cancer cells with stem cell-like properties ( Figure 1C) . Clinical observations of so-called "in-transit metastases," i.e., metastatic tumors that develop in lymphatic vessels between the primary tumor and the draining LN, have suggested that lymphatic endothelium might provide a protective microenvironment for long-term tumor cell survival. Moreover, tumor cells might remain dormant within draining LNs for extended periods of time after removal of the primary tumor (59) . Recently, it was found that CXCR4 + melanoma cells, which also expressed the stem cell marker CD133, were located close to CXCL12-producing lymphatic vessels in metastatic LNs and lungs (60) . CXCR4 + /CD133 + cells had a higher metastatic activity than CXCR4 -/CD133 + cells. Additionally, CXCR4 blockade together with the alkylating agent dacarbazine, which is widely used to treat human melanomas, but not dacarbazine treatment alone, potently inhibited melanoma growth and metastasis (60) . In addition to these direct effects of lymphatic endothelium on cancer cell survival, lymphatic vessels might also provide an immunoprotective microenvironment via chemokine secretion. Recent studies with CCL21-expressing tumors indicate that CCL21 might shift the host immune response from immunogenic to tolerogenic, which could potentially facilitate tumor progression (61) . Moreover, activation of LN lymphatic vessels by VEGF-C was reported to induce immune tolerance in a melanoma model (62) . A major role of lymphatic endothelial cells in mediating T cell tolerance via PD-L1 was recently identified (63) (64) (65) . These findings are in line with the recently discovered antiinflammatory effect of VEGF-C-mediated activation of lymphatic endothelium in models of cutaneous inflammation and rheumatoid arthritis (66-69), and they reveal an unanticipated role for lymphatic vessels in actively shaping immune responses (70) .
In vivo imaging of LN lymphangiogenesis for early metastasis detection
Based on the extensive expansion of the lymphatic vasculature in tumor-draining LNs, even at very early stages of metastasis when direct visualization of tumor cells by standard methods might not yet be feasible, imaging of LN lymphangiogenesis might represent a potential strategy for the early detection of metastases. Recent studies in experimental mouse melanomas indicate that an intravenously injected antibody against the lymphatic marker LYVE1 specifically accumulates within 24 hours in tumor-draining, metastasis-containing LNs, as evaluated in biodistribution studies and using immunodetection, which revealed specific targeting to the expanded lymphatic vasculature (71) . Use of a 124 I-radio labeled anti-LYVE1 antibody and immuno-PET enabled the noninvasive detection of LN metastases of primary melanomas in mice, based on stromal lymphatic activation (71, 72) . Importantly, this immuno-PET approach detected early LN metastases more sensitively than standard PET imaging using [ 18 F]fluorodeoxyglucose (71) . Although inflammation-draining LNs are also characterized by lymphatic expansion (41, 48, 73) , these changes are reversible (74) . Further studies are needed to evaluate the specificity of the immuno-PET approach in more detail.
Functional, quantitative in vivo imaging of tumor-draining lymphatic vessels
Visualization of tumor-draining lymphatic vessels and LNs, in particular of the first draining LN (SLN), is frequently pursued during surgical resection of primary melanomas and breast cancers, using peritumoral tracer injection (Figure 2A and refs. 75, 76) . However, these methods do not provide sufficient information about the functionality of the entire draining lymphatic network. Based on the experimental and clinical evidence for an important role of the lymphatic vasculature in tumor progression, there is a great need for the identification of biomarkers to evaluate the functional status of tumor-associated lymphatic vessels and to quantitatively measure the efficacy of antilymphangiogenic therapies. Imaging in the near-infrared range provides promising opportunities in this regard, based on the low tissue absorption and low autofluorescence in this wavelength range (77) . We previously developed liposomes that contain the near-infrared dye indocyanine green (ICG), which has been used in its free form for lymphatic imaging in humans (78) . Liposomal encapsulation increased the brightness and stability of ICG and also resulted in specific uptake by lymphatic vessels after intradermal injection (44) . In vivo imaging using liposomal ICG in a footpad melanoma model enabled the quantitation of lymphatic flow through draining LNs and revealed that lymph flow was increased in tumor-draining lymphatic vessels, as compared with normal tissue lymph flow, and that overexpression of VEGF-C further promoted lymph flow (44) .
In a further improvement of tracer development, PEG conjugates of IRDyes, a class of much brighter near-infrared dyes, were developed, which enabled in vivo imaging with excellent spatial and temporal resolution of initial and collecting lymphatic vessels (77, 79, 80) . In vivo near-infrared imaging of experimental tumors with PEG-conjugated dyes enabled the dynamic noninvasive visualization of tumor-draining lymphatic vessels and also revealed that the valves in the enlarged tumor-draining, collecting lymphatic vessels remain functional despite the increased fluid load (80) . This method also allowed for the noninvasive quantification of the frequency of lymphatic vessel contractions and thus of the functional effects of specific drugs (81) . Repeated imaging of tumorbearing mice over several weeks revealed that at a certain size of SLN metastasis, the flow through the SLN was obstructed, leading to a rerouting of lymph flow from the tumor to newly developed collateral lymphatic vessels that drained to different LNs (Figure 2  and ref. 80) . These experimental findings are in agreement with the clinically observed redirection of lymph flow after LN metastasis of penile cancers (82) . Bypassing of metastatic LNs with increased intranodal pressure toward the next echelon of nodes with lower intranodal pressure has also been reported in breast cancer (83) . A similar rerouting of lymph flow was also found after surgical LN resection (84) . These findings have clinical relevance, as lymphatic rerouting may contribute to misleading results of SLN dissections during cancer surgery (81) .
The mechanisms that mediate lymphatic rerouting are not fully understood. Recent studies indicate, however, that increased fluid load might promote VEGFR-3 phosphorylation, lymphatic endothelial cell proliferation and lymphatic vessel generation (85, 86) . After peritumoral injection around the primary tumor, the lymphatic tracer is taken up by lymphatic capillaries and is transported via collecting lymphatics to the draining SLN that may contain tumor metastasis (positive SLN; Figure 2A ) or not (negative SLN). Larger metastases within the SLN can obstruct the lymphatic drainage, rerouting the lymph flow toward another LN that may be metastasis free. This scenario could produce a falsenegative SLN ( Figure 2B ), leading to an incorrect staging of the cancer patient. At later stages, this LN may contain metastatic tumor cells as well (positive SLN, Figure 2C) .
Perspectives and open questions
There is now convincing evidence that tumor lymphangiogenesis and LN lymphangiogenesis represent important prognostic markers for the risk of future metastasis and overall survival in an increasing number of tumors, including malignant melanomas and epithelial cancers (19) . Thus, it might seem appealing to include the quantitative determination of lymphatic vessel expansion within primary tumors and SLNs in routine pathological examinations. However, there are at present no standardized methods established for the reproducible quantification of lymphatic vessels in tissue sections, despite previous efforts in this regard (87) . The use of antibodies against the lymphatic marker podoplanin represents a reliable approach for the identification of lymphatic vessels in most human tissues, although one has to keep in mind that podoplanin is also expressed by several nonvascular cells including myoepithelial cells (88) . LYVE1 is also expressed on some types of blood vessels and might be modulated by inflammation (89, 90) , but has been successfully used to analyze lymphatic vessels in many types of cancer. In contrast, the nuclear PROX1 stain is often difficult to distinguish, and antibodies to PROX1 should be combined with antibodies to other lymphatic markers or to the panvascular marker CD31. Since quantification based on immunostaining is time-consuming and possibly observer dependent, semiquantitative evaluation of the presence of intratumoral lymphatics or of lymphatic vessel invasion might represent a more practical and feasible approach (91) . Thus, large-scale prospective clinicopathological studies need to be initiated to validate the prognostic relevance of such approaches.
Based on its potential contribution to cancer spread, immune evasion by cancer cells, and the maintenance of cancer stem cell-like properties, the lymphatic endothelium has become an attractive therapeutic target for new cancer therapies, including photodynamic ablation of lymphatic vessels (92) . Therapies aimed at blocking the VEGF-C/VEGF-D/VEGFR-3 pathway have entered clinical trials and could potentially also reduce blood vascular angiogenesis in certain types of tumors (93, 94) . However, several additional lymphangiogenic pathways have been identified (19) , and phenotypic chemical genetic screens in Xenopus embryos and in 3-dimensional human lymphatic endothelial spheroids have identified a range of compounds, including drugs already approved for clinical use, that reduce lymphatic vessel growth in vivo (25, 95) . One remaining challenge is the identification of rational combination regimens of antilymphangiogenic drugs with established chemotherapies and targeted anticancer therapies. It has remained controversial whether LN metastases represent mediators of systemic metastasis to distant organs or whether they are mere indicators of cancer aggressiveness (96) . Thus, there is a clear need for more sophisticated experimental models to label and track the fate of cancer cells once they have reached the draining LN. Moreover, new technologies need to be applied to spatiotemporally dissect the successive steps of LN metastasis, ranging from the early steps of tumor cell entry from the LN lymphatic sinuses (58) to the potential tumor cell exit routes, including the detailed cellular interactions with distinct LN subpopulations.
The recent development of new, noninvasive in vivo imaging techniques might lead to potential clinical applications regarding the early detection of metastases based on the visualization of tumor-induced stromal changes, such as lymphatic vessel expansion in SLNs, instead of the tumor cells themselves. Identification of specific biomarkers for the reliable targeting of tumor-activated lymphatic endothelium, using genomic (97) or proteomic techniques (98), currently represents a major challenge. A study using transcriptional profiling of cultured, tumor-derived lymphatic endothelial cells revealed increased expression of functionally relevant molecules, including the tight junction regulatory protein endothelial-specific adhesion molecule (ESAM) and the TGF-β coreceptor endoglin (CD105) (97) . ESAM expression in tumor lymphatics was correlated with nodal metastasis of head and neck squamous cell carcinomas and colorectal carcinomas (97, 99) . Future studies are needed to investigate the transcriptional activity and the proteome of directly isolated tumor-associated lymphatic endothelium. The establishment of new, near-infrared tracers for the quantitative, noninvasive, in vivo imaging of lymphatic vessel function now provides the opportunity to study lymphatic function as a biomarker for the response to antilymphangiogenic and other therapies. The development of lymphedema is a major complication of breast cancer surgery and even SLN dissection (19) that occurs over the course of several years following surgical excision of the primary tumor. Since lymphatic vessels can efficiently regenerate when challenged by increased fluid load (84, 86) , it is tempting to speculate that preoperative quantitative measurement of lymphatic vessel function in the arms might identify those patients at risk for postsurgical lymphedema, enabling the imme-diate onset of measures such as pneumatic compression, which may result in increased tissue fluid pressure up to 100 mmHg (100), or other physical stimulations of lymphatic function to prevent lymphedema formation.
